The paper overviews the current energy demand trends in the building sector for the Arab region using reported historical energy consumption. Moreover, the paper describes the current energy efficiency policies and regulations for all the Arab countries specific to both residential and commercial buildings. Finally, the paper evaluates potential benefits for large-scale energy efficiency programs specific to new and existing building stocks within the Arab region using a bottom-up analysis approach. The analysis of the available energy consumption for all the Arab countries has shown that the Arab region presents a significant variation in energy consumption levels between its sub-regions and countries. Indeed, the Arab region includes oil-producing countries such as Saudi Arabia with the largest energy use per capita in the World with over 9000 kWh/person of electricity used annually in buildings. However, the same region has the least developed countries such as Sudan and Yemen with the lowest energy use per capita in the World with barely 100 kWh/person/year of electrical consumption. The review of the existing regulations has indicated that several Arab countries have not implemented any energy efficiency codes and standards for building envelope, lighting, heating and cooling equipment, and appliances. A cost-effectiveness analysis has indicated that the Arab region can incur significant benefits in upgrading the energy efficiency of its new and existing buildings especially its households. Specifically, the adoption and the enforcement of stringent energy efficiency codes for new residential and commercial buildings can result in a reduction of 12.7 TWh/year in final annual energy consumption for the Arab region. Moreover, retrofit programs targeting existing buildings can save up to 470 TWh or a third of the building sector final energy consumption per year after 2030. Combining comprehensive energy efficiency requirements for new buildings and extensive retrofit programs for existing buildings would reduce the total final energy consumption of the building sector in the Arab region by 600 TWh by 2030 and by 900 TWh by 2050 if all the energy programs start to be implemented by 2020.
Introduction
From 1990 to 2015, the total primary energy supply (TPES) in the Arab region (The Arab region includes the following countries: Algeria, Bahrain, Egypt, Iraq, Jordan, Kuwait, Lebanon, Libya, Mauritania, Morocco, Oman, Palestine, Qatar, Saudi Arabia, Sudan, Syria, Tunisia, United Arab Emirates, and Yemen.) has increased three-fold following the same trend of population growth as noted in Figure 1a using recent International Energy Agency (IEA) data [1] . However, the gross domestic product (GDP) has increased only 60% during the same period indicating an increase in energy intensity and ultimately a decrease in the energy productivity of the overall Arab region economy (The energy productivity, defined as the inverse of the energy intensity, is the ratio of GDP per total primary energy supply). Specifically and during the 1990-2015 period, the per capita GDP in the Arab region has been only slightly above the World averages but has remained significantly less than similar indicators reported for the European Union (EU) and the United States (US) as noted in Figure 1b . It should 2 of 45 be noted, however, that the per capita GDP varies significantly within the Arab region, especially between the Gulf Cooperation Council (GCC) countries and other countries. During the 1990-2015 period, the Arab region's primary energy use (expressed in ton of oil equivalent or TOE) per capita has increased steadily and has reached the World average of 2.0 TOE/person during 2015 as indicated in Figure 1c . Both the EU and US have significantly higher energy use per capita values which have been declining since 2008 to settle at 3.0 TOE/person and 7.0 TOE/person levels during 2015 [1] .
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The relative decrease in the energy productivity for the Arab region shown in Figure 1d can be attributed to a wide range of factors. In particular, the region has experienced in the last two decades a growing rate of urbanization and a rising standard of living. These two factors have resulted in a sharp increase in energy consumption especially for services that are not directly related to the productive sectors. In addition, the significant reliance in some Arab countries on energy-intensive activities (i.e., industry) with low value added has resulted in a significant increase in energy consumption consumption outpacing the rise in the GDP level. Another significant factor for low energy productivity is the reduced penetration of high energy efficiency practices and best available technologies in all economic sectors. In order to improve its energy productivity and decouple its energy consumption from its GDP creation, the Arab region has to start diversifying its economy and most importantly improving the energy efficiency of all its sectors (i.e., industry, transport, and buildings). In this paper, potential benefits of large-scale implementation in the Arab region of energy efficiency programs are evaluated for the building sector. First, general trends of energy consumption are assessed for the Arab region and are compared to other regions in the World. In particular, contributions of the building sector to the total primary and final energy consumptions are estimated based on available historical data. Current energy efficiency indicators, as well as energy policies related to the building sector, are then presented for the Arab region, sub-regions, and various countries. Finally, potential benefits from specific energy efficiency programs targeting new and existing residential and commercial buildings in all Arab countries are analyzed. In particular, predictions of the impacts of large-scale implementation of these energy policies on future energy demands in the building sector are estimated for various countries of the Arab region.
The analyses conducted in this study are based on well-documented data sets, methods, and models as noted throughout this paper. However, the study provides a unique application of these analyses to consider the potential energy, economic, and environmental benefits of improving the energy efficiency of new and existing buildings in all the countries of the Arab region.
Overall Energy Consumption Trends

Analysis for Arab Region
Primary Energy Supply
Throughout the last two decades, the Arab region consumed mostly oil products and natural gas to power its economy. During 2015, the Arab region relied mainly on oil products (50%) and natural gas (46%) to meet its primary energy needs. Besides biofuels and waste (2%) and hydro (1%), insignificant other renewable energy resources are utilized as noted in Figure 2 which compares the primary energy mix of the Arab region to that reported for the World, the EU, and the US during 2015 [1] . Unlike the case of the Arab region, coal has been used to meet a significant part of the energy needs of other regions in the World contributing respectively 28%, 16%, and 17% of the total primary energy supply (TPES) specific to the World, the EU, and the US. Nuclear, hydro, and renewables (i.e., sources with no carbon emissions) are also prominent in other regions of the World serving up to 18% (World), 28% (EU), and 17% (US) of TPES. Figure 3 presents the annual variation and distribution of total final energy consumption (TFEC) in the Arab region during the 1990-2015 period using reported data [1] . As noted in Figure 3 , the Arab region has seen a significant increase in energy consumption with an average annual growth rate of 10% since 1990. During 2015, the Arab region consumed almost 5000 TWh of energy to meet its economy's needs. Most of these needs are attributed to the industry and transport sectors with 31% and 32%, respectively. However, the contribution of the building sector, estimated at 21% during 2015, has been steadily increasing especially during the last decade. Indeed, the increase in energy used by non-residential buildings has more than doubled compared to the annual growth of the overall TFEC for the Arab region. Specifically, the annual growth rate in energy consumption specific to commercial and public services buildings has averaged almost 25% during the period between 1990 and 2015 [1] . As noted in , the annual growth rate of the energy used by the residential buildings follows closely that reported for the overall Arab region TFEC during the 1990-2015 period. The overall Arab region per capita final energy consumption, electricity use, and carbon emission are rather low as noted in Figure 4 comparing the annual energy indicators with those reported for the World, US, and EU [5] . Overall, the per capita energy use and electricity consumption in the Arab region are close to the World averages but significantly lower than those reported for EU and US as clearly indicated in Figure 4a ,b. Due to this low per capita energy use, the Arab region generates slightly less carbon emissions per person than the World average and significantly less than Figure 3 presents the annual variation and distribution of total final energy consumption (TFEC) in the Arab region during the 1990-2015 period using reported data [1] . As noted in Figure 3 , the Arab region has seen a significant increase in energy consumption with an average annual growth rate of 10% since 1990. During 2015, the Arab region consumed almost 5000 TWh of energy to meet its economy's needs. Most of these needs are attributed to the industry and transport sectors with 31% and 32%, respectively. However, the contribution of the building sector, estimated at 21% during 2015, has been steadily increasing especially during the last decade. Indeed, the increase in energy used by non-residential buildings has more than doubled compared to the annual growth of the overall TFEC for the Arab region. Specifically, the annual growth rate in energy consumption specific to commercial and public services buildings has averaged almost 25% during the period between 1990 and 2015 [1]. As noted in Figure 8 , the annual growth rate of the energy used by the residential buildings follows closely that reported for the overall Arab region TFEC during the 1990-2015 period. Figure 3 presents the annual variation and distribution of total final energy consumption (TFEC) in the Arab region during the 1990-2015 period using reported data [1] . As noted in Figure 3 , the Arab region has seen a significant increase in energy consumption with an average annual growth rate of 10% since 1990. During 2015, the Arab region consumed almost 5000 TWh of energy to meet its economy's needs. Most of these needs are attributed to the industry and transport sectors with 31% and 32%, respectively. However, the contribution of the building sector, estimated at 21% during 2015, has been steadily increasing especially during the last decade. Indeed, the increase in energy used by non-residential buildings has more than doubled compared to the annual growth of the overall TFEC for the Arab region. Specifically, the annual growth rate in energy consumption specific to commercial and public services buildings has averaged almost 25% during the period between 1990 and 2015 [1] . As noted in , the annual growth rate of the energy used by the residential buildings follows closely that reported for the overall Arab region TFEC during the 1990-2015 period. The overall Arab region per capita final energy consumption, electricity use, and carbon emission are rather low as noted in Figure 4 comparing the annual energy indicators with those reported for the World, US, and EU [5] . Overall, the per capita energy use and electricity consumption in the Arab region are close to the World averages but significantly lower than those reported for EU and US as clearly indicated in Figure 4a ,b. Due to this low per capita energy use, the Arab region generates slightly less carbon emissions per person than the World average and significantly less than The overall Arab region per capita final energy consumption, electricity use, and carbon emission are rather low as noted in Figure 4 comparing the annual energy indicators with those reported for the World, US, and EU [5] . Overall, the per capita energy use and electricity consumption in the Arab region are close to the World averages but significantly lower than those reported for EU and US as clearly indicated in Figure 4a ,b. Due to this low per capita energy use, the Arab region generates slightly less carbon emissions per person than the World average and significantly less than the EU and US as noted by Figure 4c . However, the per Energies 2019, 12, 4279 5 of 45 capita energy use and carbon emissions have been steadily increasing in the Arab region while decreasing in EU and the US especially during the last decade. The trend for higher energy consumption including electricity demand in the Arab region is expected to continue over the next decade especially in the building sector due to a high population growth, a significant urbanization rate, as well as rising standards of living associated with aspirations for greater comfort. The increase in energy consumption in the Arab region is also aided by reduced prices of some household equipment, often with very poor efficiency ratings, making them affordable to an increasingly high number of potential consumers. Indeed, the annual urban population growth rates in Arab countries range between 2% to 6% with an average for the region of 3.8% [6] . Moreover, a total of 4.3 USD trillion is forecast to be spent on construction in the Arab region over the next decade, representing cumulative growth of 80% [7, 8] .
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Analysis of Sub-Regions
The Arab region is generally divided into four sub-regions as defined in Table 1 based  on several criteria including geographical locations, cultural tendencies, and living Table 1 summarizes the population, the GDP per capita, and the total primary energy supply (TPES) per person for each sub-region based on 2015 data [1]. The GCC with the lowest population has the highest values for both primary energy use as well as GDP per person. The Mashreq and the Maghreb have similar economic and energy indicators even though the Mashreq has almost double the population due to the inclusion of Egypt. As expected, the LDC region has the lowest energy use and GDP per capita for all the Arab sub-regions. Figure 5 illustrates the variation during the 1990-2015 period in the Arab sub-regions of the per capita GDP, per capita TPES, and energy productivity (i.e., ratio of GDP and TPES). As expected, the GCC region has significantly higher levels for both economic output and energy consumption per person. Meanwhile the LDC sub-region has the lowest economic and energy use indicators among not only the Arab region but the World. The GDP and the TPES per person follow the same trend during the entire 1990-2015 period for both the Mashreq and Maghreb regions. When considering the energy intensity or the economic output per unit of primary energy supply, referred to as the energy productivity, the LDC region has higher and increasing energy productivity levels during the last decade among all Arab sub-regions. Meanwhile, the GCC region has the lowest and decreasing energy productivity values since 2000 as illustrated in Figure 5c . The energy productivity levels of the Mashreq and Maghreb regions are between those of GCC and LDC with the Mashreq energy productivity exhibiting an increasing trend while that of the Maghreb is decreasing since 2007. 
Country-Specific Analysis
Basic macro-economic indicators for the Arab countries are listed in Table 2 based on 2015 data except for Palestine where 2013 data for 2013 are used [1, 5, 9] . Moreover, annual variations of these macro-economic indicators for representative countries of the Arab sub-regions are presented in Figure 6 . Specifically, Figure 6a -c shows the annual variation of during 1990-2015 period in Saudi Arabia (KSA), Egypt, Tunisia, and Yemen respectively, the per capita GDP the TPES per capita, and the GDP/TPES ratio. As expected, KSA as a representative of GCC sub-region has significantly higher values for both economic output and energy consumption per person. Meanwhile, Yemen 
Basic macro-economic indicators for the Arab countries are listed in Table 2 based on 2015 data except for Palestine where 2013 data for 2013 are used [1, 5, 9] . Moreover, annual variations of these macro-economic indicators for representative countries of the Arab sub-regions are presented in Figure 6 . Specifically, Figure 6a -c shows the annual variation of during 1990-2015 period in Saudi Arabia (KSA), Egypt, Tunisia, and Yemen respectively, the per capita GDP the TPES per capita, and the GDP/TPES ratio. As expected, KSA as a representative of GCC sub-region has significantly higher values for both economic output and energy consumption per person. Meanwhile, Yemen representing the LDC sub-region has the lowest economic and energy use indicators. The GDP and the TPES per person follow the same trend during the entire 1990-2015 period for both Egypt and Tunisia representing respectively, the Mashreq and Maghreb sub-regions. Figure 15 indicates that KSA has lower and decreasing energy productivity (i.e., inverse of energy intensity) while Egypt and Tunisia have stagnant energy productivity over the last decade and Yemen is exhibiting a higher albeit inconsistent energy productivity levels. representing the LDC sub-region has the lowest economic and energy use indicators. The GDP and the TPES per person follow the same trend during the entire 1990-2015 period for both Egypt and Tunisia representing respectively, the Mashreq and Maghreb sub-regions. indicates that KSA has lower and decreasing energy productivity (i.e., inverse of energy intensity) while Egypt and Tunisia have stagnant energy productivity over the last decade and Yemen is exhibiting a higher albeit inconsistent energy productivity levels. 
Building Sector Energy Consumption
First, the main drivers for energy use in the building sector are described for the Arab region including the climatic conditions, building stock size, penetration rates of air conditioning systems, and energy subsidies, and current regulations and standards. Then, energy consumption trends for the building sector are presented at various scales including the overall Arab region, the four subregions, and the individual countries. Finally, energy efficiency metrics of both residential and nonresidential buildings are estimated for the Arab region and its sub-regions with a discussion of typical end-uses for both residential and commercial buildings in the region and representative countries.
Climate Characteristics
Using hourly weather data for 162 cities, degree-days for both heating and cooling have been estimated throughout the Arab region [10] . Figure 7a shows a contour map of annual heating degreedays (HDD) (Heating degree-days represent the number of degrees for all days in a season with average temperatures below 18 °C) with a base temperature of 18 °C obtained for the Arab region where hourly climatic data are available. Figure 7b presents a similar map obtained for the annual cooling degree-days (CDD) (Cooling degree-days represent the number of degrees for all days of the year with average temperatures above 18 °C) with a base temperature of 18 °C [10] . As indicated in Figure 7a , HDD values of the cities close to coastal areas in the Mediterranean region (characterized by temperate climates using CSa of Koppen-Gieger classification) are higher than in the Arabian Desert region (dominated by arid and semi-arid climates using BWh/BWk and Bsh/BSk of Koppen-Gieger classifications). Therefore, Mediterranean cities would have higher space heating energy 
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Climate Characteristics
Using hourly weather data for 162 cities, degree-days for both heating and cooling have been estimated throughout the Arab region [10] . Figure 7a shows a contour map of annual heating degree-days (HDD) (Heating degree-days represent the number of degrees for all days in a season with average temperatures below 18 • C) with a base temperature of 18 • C obtained for the Arab region where hourly climatic data are available. Figure 7b presents a similar map obtained for the annual cooling degree-days (CDD) (Cooling degree-days represent the number of degrees for all days of the year with average temperatures above 18 • C) with a base temperature of 18 • C [10] . As indicated in Figure 7a , HDD values of the cities close to coastal areas in the Mediterranean region (characterized by temperate climates using CSa of Koppen-Gieger classification) are higher than in the Arabian Desert region (dominated by arid and semi-arid climates using BWh/BWk and Bsh/BSk of Koppen-Gieger classifications). Therefore, Mediterranean cities would have higher space heating energy requirements in order to maintain acceptable indoor thermal comfort in conditioned buildings during the heating season. In contrast, Figure 7b clearly indicates that sites located in the Arabian Desert are extremely hot and thus require significant energy use to cool buildings compared to sites located in the Mediterranean region. In hot climates such as those in the GCC region, energy consumption for the building sector follows the climatic conditions since most of the buildings are air-conditioned as noted by analyses conducted by Krarti [11] and Krarti et al. [12] . For Saudi Arabia, for instance, the monthly total electricity consumption closely follows the average ambient temperatures [12] . The strong correlation between the electricity consumption and the ambient temperature clearly reflects the importance of air-conditioning during the summer months when electrical demands double compared to levels reported during the winter period. requirements in order to maintain acceptable indoor thermal comfort in conditioned buildings during the heating season. In contrast, Figure 7b clearly indicates that sites located in the Arabian Desert are extremely hot and thus require significant energy use to cool buildings compared to sites located in the Mediterranean region. In hot climates such as those in the GCC region, energy consumption for the building sector follows the climatic conditions since most of the buildings are air-conditioned as noted by analyses conducted by Krarti [11] and Krarti et al. [12] . For Saudi Arabia, for instance, the monthly total electricity consumption closely follows the average ambient temperatures [12] . The strong correlation between the electricity consumption and the ambient temperature clearly reflects the importance of air-conditioning during the summer months when electrical demands double compared to levels reported during the winter period. 
Building Stock Floor Area
Detailed census data for building stock and especially building floor area in the Arab region is almost inexistent. However, some studies have utilized limited available census data to estimate the building floor area for residential and non-residential buildings for few Arab countries. Table 3 summarizes these studies, the reported estimated building floor area, and the calculated per capita floor area based on the population data reported by the United Nations (UN) for the census year. Table 3 . Reported total floor area for buildings in Arab countries based on census data. 
Detailed census data for building stock and especially building floor area in the Arab region is almost inexistent. However, some studies have utilized limited available census data to estimate the building floor area for residential and non-residential buildings for few Arab countries. Table 3 Energies 2019, 12, 4279 11 of 45 summarizes these studies, the reported estimated building floor area, and the calculated per capita floor area based on the population data reported by the United Nations (UN) for the census year. Saudi Arabia, Residential 2010 652 24 [16] Models for estimating building floor areas have been developed and utilized to assess the energy performance of various building types for countries and regions. In particular, Navigant has indicated that the Middle East and North Africa (MENA) region, which includes most of the Arab countries, has a total building floor area of 4.5 billion m 2 during 2014 or 11.5 m 2 /person [17] . Moreover, another study [18] has reported that the MENA region has 8 billion m 2 of building floor area or 18.65 m 2 /person, a close to the estimate of 20.5 m 2 /person provided by Harvey et al. [19] . IEA developed based on existing data, a model that provides per capita floor area for residential buildings as a function of GDP per capita for a country or a region [20] . Using the IEA building sector model, Table 4 summarizes the average, minimum, and maximum values per capita household floor area Table 4 . Residential floor area per capita as a function of GDP per capita [20] . Using the GDP data for the Arab region, per capita residential building floor area is estimated to range between 11.6 m 2 /person and 48.1 m 2 /person with an average of 24.2 m 2 /person, a metric that is close to the values listed in Table 3 for Tunisia and Saudi Arabia, and to a lesser extent, to that found for Egypt. Indeed, the reported per capita residential floor area of 19 m 2 /person for Egypt (GDP = 10,000 USD/person) is lower than the average of 23 m 2 /person, as it may be expected for a country with densely populated urban areas, but is still higher than the minimum value of 9 m 2 /person.
GDP per Capita (2012 PPP USD/person)
For non-residential buildings, the estimation of the floor area is even more challenging for the Arab region. Only a few models have been reported with a large variation in per capita floor area estimations for the MENA region and include (i) 5.5 m 2 /person [21] ; (ii) 4.5 m 2 /person [20] ; (iii) 4.0 m 2 /person [19] , and (iv) 2.5 m 2 /person [22] . The per capita floor area of 2.8 m 2 /person found for non-residential buildings in Tunisia seems to be in the low range of the reported model's estimates. Using the range of 2.5 to 5.5 m 2 /person, the non-residential floor area for the Arab region can be estimated as a function of the population size. In particular, the total floor area for non-residential buildings during 2015 is estimated to range from 950 million m 2 to 2091 million m 2 with a mean value of 1521 million m 2 .
Penetration Rates of Air Conditioning Systems
As noted in Figure 7 , the vast majority of the Arab region is characterized by a cooling dominated climate. Thus, air conditioning (AC) systems are generally required to maintain desired indoor thermal comfort for both residential and commercial buildings. Moreover, refrigerators are required to preserve food longer and prevent it from spoiling quickly. The use of AC in buildings, however, depends on the Arab sub-regions. While, AC is available for almost all buildings within the GCC region (i.e., 100% penetration rate, that is, all the buildings have AC systems), the use of active systems (i.e., mechanical equipment) to cool buildings depend on the country and its standard of living. Reported penetration rates of AC systems, as well as refrigerators, are listed in Table 5 for residential buildings for some Arab countries representatives of the Mashreq, Maghreb, and LDC sub-regions. The AC penetration rates forecasted for the Maghreb countries are also provided [23] . As noted in several studies, the penetration rate of AC systems and appliances depends significantly on the income level per capita in each country. The penetration rate of AC systems for residences in the Maghreb and Mashreq ranges currently between 40% and 50% and are forecasted to exceed 80% by 3030 [23] . In the LDC region, the AC penetration rate as well refrigerators are low and do not exceed 30% Lebanon 50% (2010) NA 100% (2010) [25] Within the Arab region, the GCC sub-region is and will remain in the next decade a significant market for the AC industry. Table 6 lists the number of AC sold during the 2011-2016 period in the Arab region itemized by country using reported data [26] . As indicated in Table 6 , GCC represents over 80% of the total AC demand in the Arab region. However, the AC demand in most of the GCC countries has stabilized and has been even slightly decreasing in the last two years most likely to slower economic activities associated with low oil prices. 
Energy Subsidies
Energy prices are highly subsidized in the Arab region as depicted in Table 7 providing total energy subsidies as well as subsidies per capita based on the 2015 International Monetary Fund (IMF) data [27] . Table 8 lists electricity rates for typical households as well as available electricity generating capacity, electricity consumption per capita, and carbon emissions per capita for most Arab countries [1, 5, 28, 29] . As indicated in Table 7 , the energy subsidies especially for GCC and oil-exporting countries are among the highest in the World and may explain the high electricity consumption and carbon emissions per person prevalent in several Arab countries as illustrated in Table 8 . According to reported IEA data, the Arab countries are among the largest subsidizers of energy in the World. Indeed, six of the World's ten largest subsidizers are from the Arab region, led by Kuwait, Saudi Arabia, and Qatar [30, 31] . Moreover, GCC countries have the highest electricity consumption per capita in the World due to the significant air conditioning loads for buildings, especially during the summer months. However, there is a wide variation in energy consumption levels between Arab countries. Indeed, the Arab region includes some of the highest (i.e., GCC countries as noted earlier) but also some of the lowest users of electricity in the World. For instance, an average person in Yemen consumes only 147 kWh per year, as noted in Table 8 , most likely due to low energy accessibility in rural areas. Table 7 . Energy subsidies in the Arab region (Source, International Monetary Fund (IMF) [27] ). Table 8 indicates that the Arab region has 232,675 MW of available electric power generating capacity with 6% coming from renewable resources mostly from hydroelectric plants (about 11,000 MW). As part of their national renewable energy plans, most of the Arab countries have set ambitious targets to meet between 10% to 100% of the electricity needs using renewable energy resources by 2030 [29] . 
Country Total Energy Subsidies 1 (Billions USD)
Percent GDP (%)
Subsidies of Total Energy Per Capita (USD/person)
Subsidies of Electricity per Capita (USD/person)
Building Sector Energy Consumption Trends
In this section, the energy consumption specific to the building sector is compiled for the Arab region, sub-regions, and individual countries based on reported data over the last two decades [1]. In particular, the general trends of energy consumption and mix for both residential and non-residential (i.e., commercial and services) buildings are evaluated and discussed.
Overall Trends for the Arab Region
As shown in Figure 8 , the total final energy consumption (TFEC) attributed to the building sector has been increasing steadily in the Arab region since 1990 with a clear transition from oil products to electricity use. Indeed, and as clearly illustrated in Figure 8a , the energy mix for the building sector has transitioned from a preference for oil products during 1990 representing 41% of the overall buildings TFEC to a dominance of electricity used to meet over 60% of the total Arab region-building sector needs during 2015. Moreover, the annual total final energy consumption of the buildings has increased consistently since 1990 as indicated in Figure 8b showing a linear trend between years and total building energy uses. If the linear trend continues unchanged, buildings in the Arab countries would consume 1450 TWh by 2030 doubling the 2006 energy consumption level and 2000 TWh by 2050 almost doubling the 2015 energy use level. The share of the building sector in TFEC remained in the range of 18% to 23% over the 1990-2015 period mostly dominated by households' energy use. Using the reported efficiencies for converting primary energy supply to final energy consumption, the share of the building sector in TPES is estimated for the Arab region has increased over the year from 22% in 1990 to 28% in 2015. Specifically and during 2015, buildings in the Arab countries consumed 1062 TWh mostly electricity (60%) to operate increasing demands attributed mainly to lighting, appliances, and cooling systems [10] . For commercial and public buildings, electricity represents 88% of the total energy consumed in the Arab region. While for residential buildings, electricity covers 50% of the energy needs in most Arab countries. Oil products, natural gas, and renewables provide respectively 21%, 10%, and 9% of TFEC associated with the building sector to meet most likely non-electrical energy demands specific to domestic hot water, cooking, and space heating needs [10] . 
Trends for Arab Sub-Regions
The annual energy consumption associated with the building sector varies significantly among the Arab sub-regions. Since 2010, GCC consumes the most energy attributed to buildings among all four sub-regions due to the drivers outlined in Sections 3.1 through 3.4. However, the building sector represents less than 13% of the overall GCC in the GCC TFEC, one of the lower shares with the Arab region as illustrated in Figure 9 . In particular, buildings are responsible during the period 2010-2015 for 27%, 28%, and 42% of TFEC for respectively, the Mashreq, Maghreb, and LDC.
. It should be noted that while electricity represents 60% of the energy used by buildings, it accounts for only 18% of the overall TFEC for the Arab region during 2015. Electricity is generated primarily from natural gas (65%) and oil products (30%) with renewables (3%) and coal (2%) providing minor contributions.
The annual energy consumption associated with the building sector varies significantly among the Arab sub-regions. Since 2010, GCC consumes the most energy attributed to buildings among all four sub-regions due to the drivers outlined in Sections 3.1-3.4. However, the building sector represents less than 13% of the overall GCC in the GCC TFEC, one of the lower shares with the Arab region as illustrated in Figure 9 . In particular, buildings are responsible during the period 2010-2015 for 27%, 28%, and 42% of TFEC for respectively, the Mashreq, Maghreb, and LDC.
When considering the primary energy requirements to generate electricity commonly used in buildings within the Arab region, the building sector share to TPES increases in all the sub-regions as shown in Figure 10 for 2015. In particular, the building sector share for the GCC sub-region increases from 13% relative to TFEC to 32% relative TPES due to the heavy reliance on electricity to meet the energy needs of buildings.
The annual energy consumption associated with the building sector varies significantly among the Arab sub-regions. Since 2010, GCC consumes the most energy attributed to buildings among all four sub-regions due to the drivers outlined in Sections 3.1 through 3.4. However, the building sector represents less than 13% of the overall GCC in the GCC TFEC, one of the lower shares with the Arab region as illustrated in Figure 9 . In particular, buildings are responsible during the period 2010-2015 for 27%, 28%, and 42% of TFEC for respectively, the Mashreq, Maghreb, and LDC. When considering the primary energy requirements to generate electricity commonly used in buildings within the Arab region, the building sector share to TPES increases in all the sub-regions as shown in Figure 10 for 2015. In particular, the building sector share for the GCC sub-region increases from 13% relative to TFEC to 32% relative TPES due to the heavy reliance on electricity to meet the energy needs of buildings. 
Trends for Individual Arab Countries
The contribution of the building sector in the national total final energy consumption (TFEC) varies also significantly among countries within the Arab region. Figure 11a shows the annual contribution of the building sector in national TFC for three years 1990, 2000, and 2015 for all the Arab countries with reported data [1]. Among the Arab countries, the TFEC share of the building sector is highest for Sudan (57% in 2015) and is the lowest for Qatar (10% in 2015). For all the Arab countries, residential buildings consume more energy than commercial/public buildings as indicated in Figure  11b .
(a) 
The contribution of the building sector in the national total final energy consumption (TFEC) varies also significantly among countries within the Arab region. Figure 11a shows the annual contribution of the building sector in national TFC for three years 1990, 2000, and 2015 for all the Arab countries with reported data [1]. Among the Arab countries, the TFEC share of the building sector is highest for Sudan (57% in 2015) and is the lowest for Qatar (10% in 2015). For all the Arab countries, residential buildings consume more energy than commercial/public buildings as indicated in Figure 11b .
During 2015, residential buildings in the entire Arab region have consumed 791 TWh of total final energy representing 75% of all energy used by the building sector. Figure 12a illustrates the energy mix used by households in each Arab country during 2015 [1] . Similarly, Figure 12b shows the energy mix for commercial and public buildings specific to the Arab countries with available data during 2015. Generally, the GCC countries utilize mostly electricity while other countries combine electricity with fossil fuels to meet the energy needs for their residential and commercial building stocks. As indicated in Figure 12 , Sudan relies heavily on hydroelectric power to cover the electricity needs of its buildings including 84% of the total energy consumed by households. Among all the Arab countries, Saudi Arabia consumes the highest energy for both residential and commercial buildings. Indeed, buildings in Saudi Arabia have consumed 260 TWh during 2015 representing a third of the total final energy used by the building sector in the Arab region.
The contribution of the building sector in the national total final energy consumption (TFEC) varies also significantly among countries within the Arab region. Figure 11a shows the annual contribution of the building sector in national TFC for three years 1990, 2000, and 2015 for all the Arab countries with reported data [1]. Among the Arab countries, the TFEC share of the building sector is highest for Sudan (57% in 2015) and is the lowest for Qatar (10% in 2015). For all the Arab countries, residential buildings consume more energy than commercial/public buildings as indicated in Figure  11b . During 2015, residential buildings in the entire Arab region have consumed 791 TWh of total final energy representing 75% of all energy used by the building sector. Figure 12a illustrates the energy mix used by households in each Arab country during 2015 [1] . Similarly, Figure 12b shows the energy mix for commercial and public buildings specific to the Arab countries with available data during 2015. Generally, the GCC countries utilize mostly electricity while other countries combine electricity with fossil fuels to meet the energy needs for their residential and commercial building stocks. As indicated in Figure 12 , Sudan relies heavily on hydroelectric power to cover the electricity needs of its buildings including 84% of the total energy consumed by households. Among all the Arab countries, Saudi Arabia consumes the highest energy for both residential and commercial . During 2015, residential buildings in the entire Arab region have consumed 791 TWh of total final energy representing 75% of all energy used by the building sector. Figure 12a illustrates the energy mix used by households in each Arab country during 2015 [1] . Similarly, Figure 12b shows the energy mix for commercial and public buildings specific to the Arab countries with available data during 2015. Generally, the GCC countries utilize mostly electricity while other countries combine electricity with fossil fuels to meet the energy needs for their residential and commercial building stocks. As indicated in Figure 12 , Sudan relies heavily on hydroelectric power to cover the electricity needs of its buildings including 84% of the total energy consumed by households. Among all the Arab countries, Saudi Arabia consumes the highest energy for both residential and commercial . 
Energy Efficiency Indicators
Typically, two indicators are considered to assess the energy efficiency of the building sector: energy use per capita and energy use per floor area. In this section, estimations of these energy efficiency indicators are provided for the Arab region and its sub-regions.
Building Energy Use per Capita
The average building energy consumption per capita for the Arab region has been steadily increasing to almost double from 1990 (1475 kWh/person) to 2015 (2665 kW/person). However, the Arab region per capita building energy use remains low compared to the values reported for the World and the developed countries including EU and especially US as illustrated in Figure 13a [1]. It should be noted that the building energy consumption per capita for EU and US has started to decline since 2009 even though they remain significantly higher than the global average. Similar observations can be made about the building electricity consumption per capita as outlined in Figure 13b . Since 2010, buildings in the Arab region consume slightly more electricity per capita than the average reported for the World. Moreover, electricity meets increasingly higher percentage of the energy needs of the building sector jumping from 34% in 1990 to 60% in 2015.
commercial and public) buildings for most Arab countries during 2015.
Energy Efficiency Indicators
Building Energy Use per Capita
The per capita building total energy consumption as well as electricity energy use vary widely within the Arab region as clearly shown in Figure 14 for both sub-regions and representative countries. It is clear that buildings in the GCC countries consume significantly more total energy use and electricity per capita than those in the other sub-regions. As noted earlier, electricity constitutes increasingly the vast majority of the energy used by buildings in the GCC and to a lesser extent in the other sub-regions. The per capita building total energy consumption as well as electricity energy use vary widely within the Arab region as clearly shown in Figure 14 for both sub-regions and representative countries. It is clear that buildings in the GCC countries consume significantly more total energy use and electricity per capita than those in the other sub-regions. As noted earlier, electricity constitutes increasingly the vast majority of the energy used by buildings in the GCC and to a lesser extent in the other sub-regions. The total energy use per capita as well electricity use per capita for both residential and non-residential buildings in the four Arab sub-regions are illustrated in Figures 15 and 16 , respectively. The results confirm the observations made earlier: the GCC sub-region's energy use per capita is significantly higher for both types of buildings compared to the other sub-regions. On the other hand, the LDC sub-region has the lowest energy use per capita not only of the Arab region but of the World. The total energy use per capita as well electricity use per capita for both residential and nonresidential buildings in the four Arab sub-regions are illustrated in Figure 15 and Figure 16 The total energy use per capita as well electricity use per capita for both residential and nonresidential buildings in the four Arab sub-regions are illustrated in Figure 15 and Figure 16 
Building Energy Use per Floor Area
Building energy use per floor area provides another measure of building energy performance using the total occupied space. However, the use of this metric has to be considered with other factors such as the number of occupants and the type of equipment present within the building. For instance, improvements to the envelope, lighting, and heating/cooling systems typically reduce the overall building energy use and thus the building energy use per floor area. However, the addition of spaces may increase the building energy use while decreasing the building energy use per floor areas. Table 9 lists reported energy use per building floor area, commonly known as energy use intensity (EUI), for the World, EU, US, China, and India [32] . The EUI values for the Arab region, estimated based on the IEA energy consumption data and the average floor area estimates outlined in Section 3.2, are also listed in Table 9 [32]. Two observations can be made from the EUI values summarized in Table 9 . First, the Arab region EUI for the building sector has increased during the 2000-2012 period. This increase may be attributed to improvement in living standards and the use of energy-consuming devices such as air conditioning equipment, lighting, and appliances. The EUI values for the building sector in other regions of the World are significantly higher than that of the Arab region, but they have been decreasing. Worldwide, EUI for the building sector has decreased 17.5% in 2012 relative to 2000 levels most likely driven by the adoption and the implementation of significant energy efficiency programs in large economies and countries including US, EU, China, and India.
However, as noted earlier for the building energy consumption per capita, the EUI values vary widely among countries within the Arab region. Figure 17 shows the EUI variations for the 1990-2015 period for the four Arab sub-regions. The GCC sub-region has seen its building EUI doubles 
However, as noted earlier for the building energy consumption per capita, the EUI values vary widely among countries within the Arab region. Figure 17 shows the EUI variations for the 1990-2015 period for the four Arab sub-regions. The GCC sub-region has seen its building EUI doubles from 150 kWh/m 2 in 1990 to 300 kWh/m 2 in 2015. Meanwhile, the building sector EUI for the Mashreq and Maghreb sub-regions has slightly increased from 45 kWh/m 2 in 1990 to respectively 66 kWh/m 2 and 85 kWh/m 2 , in 2015. The EUI for the LDC sub-region has remained constant at about 50 kWh/m 2 during the entire 1990-2015 period most likely due to stagnant and low living standards as well as lack of energy-intensive equipment in the building sector including AC systems as discussed in Section 3.3. Figure 18 shows the EUI variations for the total final energy and electricity consumed by residential buildings during the 1990-2015 period for the four Arab sub-regions. The EUI values outlined in Figure 18 are consistent with reported energy use data of existing residential buildings in some Arab countries that represent three sub-regions: GCC, Mashreq, and Maghreb as summarized in Tables 10 and 11 . In particular, Table 10 summarizes the compiled total residential building floor areas for Tunisia, Egypt, and Saudi Arabia [1]. Table 11 lists data obtained for a wide range of sources for some Arab countries using surveys or audits of existing residential buildings [25, [33] [34] [35] [36] . Figure 18 shows the EUI variations for the total final energy and electricity consumed by residential buildings during the 1990-2015 period for the four Arab sub-regions. The EUI values outlined in Figure 18 are consistent with reported energy use data of existing residential buildings in some Arab countries that represent three sub-regions: GCC, Mashreq, and Maghreb as summarized in Tables 10  and 11 . In particular, Table 10 summarizes the compiled total residential building floor areas for Tunisia, Egypt, and Saudi Arabia [1]. Table 11 lists data obtained for a wide range of sources for some Arab countries using surveys or audits of existing residential buildings [25, [33] [34] [35] [36] . Figure 18 shows the EUI variations for the total final energy and electricity consumed by residential buildings during the 1990-2015 period for the four Arab sub-regions. The EUI values outlined in Figure 18 are consistent with reported energy use data of existing residential buildings in some Arab countries that represent three sub-regions: GCC, Mashreq, and Maghreb as summarized in Tables 10 and 11 . In particular, Table 10 summarizes the compiled total residential building floor areas for Tunisia, Egypt, and Saudi Arabia [1]. Table 11 lists data obtained for a wide range of sources for some Arab countries using surveys or audits of existing residential buildings [25, [33] [34] [35] [36] .
(a) (*) Average housing unit in Lebanon is set to 120 m 2 [36] . Figure 19 shows the EUI variations for non-residential buildings during the 1990-2015 period for the four Arab sub-regions. The EUI values outlined in Figure 19 are consistent with reported energy use data of existing non-residential buildings in some Arab countries that represent three subregions: GCC, Mashreq, and Maghreb as summarized in Table 12 . Figure 19 shows the EUI variations for non-residential buildings during the 1990-2015 period for the four Arab sub-regions. The EUI values outlined in Figure 19 are consistent with reported energy use data of existing non-residential buildings in some Arab countries that represent three sub-regions: GCC, Mashreq, and Maghreb as summarized in Table 12 . 
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Audit, Villa 269 [35] (*) Average housing unit in Lebanon is set to 120 m 2 [36] . 
Analysis of Energy Efficiency Potential for the Building Sector
The potential for improving the energy performance of buildings in the Arab region is significant for both new and existing building stocks due to the lack of any stringent energy efficiency codes and practices in most Arab countries. Indeed, several opportunities are available to reduce energy consumption and enhance the sustainability of buildings in the Arab region through well designed and targeted energy policies. In this section, some of these opportunities are compiled and evaluated based on detailed analyses and reported studies. In particular, the potential benefits of large-scale implementation of selected energy efficiency programs are presented for both new and existing building stocks. The analysis is based on a bottom-up approach of the building stock to account for the characteristics of the building stock in the Arab region. The details of the bottom-up approach, as well as the specific characteristics of the building energy models used in the simulation and optimization analyses are outlined in the literature for various countries in the Arab region [2, [10] [11] [12] [42] [43] [44] [45] [46] .
Benefits for Improved MEPS
The potential benefits of setting minimum energy performance standards (MEPS) based on currently available energy efficiency equipment and appliances commonly used in buildings have been estimated by a study reported by United for Energy Efficiency [47] . In particular, the analysis has considered energy-consuming products commonly used in residential buildings including air conditioners, refrigerators, and lighting. The potential annual savings in both electricity consumption and carbon emissions during 2030 for several Arab countries are summarized in Table 13 (lighting), Table 14 (refrigerators), and Table 15 (room air conditioners) based on the implementation of stricter MEPS in 2020 [47] . While refrigerators are specific to residential buildings, lighting, and room air conditioners can affect energy consumption of both residential and commercial buildings. As noted in the results shown in Table 13 through Table 15 , the overall annual electrical savings that can be achieved by 2030 from updating, implementing, and enforcing MEPS in the Arab region are highest for lighting (26.847 TWh/year) followed by refrigerators (13.851 TWh/year) and then room air conditioners (11.271 TWh/year). Based on business as usual (BAU) projections for 2030, these savings represent 1.9% (lighting), 0.9% (refrigerators), and 0.8% (room air conditioners) of the final energy consumption of the building sector in the Arab region. Table 16 summarizes the cumulative savings in both electricity energy use and carbon emissions due to improved MEPS for lighting, residential refrigerators, and room air conditioners for each Arab country [47] . It is clear that improved lighting standards have the highest impact among all three options with potential savings over the 10 year period (2020 through 2030) of 227 TWh in electricity consumption and 144 million tonnes in carbon emissions, three times the benefits of improving MEPS for either residential refrigerators or room air-conditioners. 
Impact of LED Systems for Commercial Buildings
For commercial and public buildings, LED fixtures integrated with advanced control capabilities are now becoming more widespread due their ease of installation and lower costs. In particular, LED fixtures with integrated control systems allow a reduction in both lighting power density and lighting energy use since they can act as sensors in small or open spaces and provide daylight dimming controls. A field study has demonstrated and documented the performance of the integrated control LED fixtures for two commercial buildings in the US [48] . Each integrated control LED unit includes LED lamp, driver, a set of daylighting controls, and an occupancy sensor. The LED units are designed to replace T-8 and T-12 fluorescent fixtures using existing wiring systems [48] . The analysis of the reported experimental studies, as well as other simulation based analyses, have shown that integrated controls LED units can save more than 50% of the lighting energy consumption as well as 30% of lighting power density in commercial buildings [48] [49] [50] . In this section, a large-scale replacement program of fluorescent lighting systems with integrated control LED units is considered for both commercial and public buildings in the Arab region with a 10 year implementation plan starting by 2020. Conservative savings of 40% and 20%, respectively, in electricity energy use and peak demand, are considered for the Arab countries. The conservative estimates are made to take into account that electrical peak demands may not occur at the same time for all building types and all countries. In recent years, however, the vast majority of Arab countries have their highest electricity demands occur during the hot summer days.
The potential benefits for such a program are summarized in Table 17 for each Arab country for both 2025 and 2030 including savings in electricity consumption, peak electrical demand, and carbon emissions using the same approach as detailed in [47] . The overall reduction in annual electrical energy use is estimated at 21.660 TWh at the end of 2030 representing 1.5% of total final energy consumed by the building sector in the Arab region. It should be noted that this program can be implemented and enforced through a retrofit program specific to commercial and public buildings. Moreover, it should be noted that while lighting MEPS affect only the power density installed, the control LED lighting units result in lower time of use of the lighting systems and thus are more effective in reducing in electricity consumption as illustrated by their potential savings shown in Table 17 for non-residential buildings. These savings have the same order of magnitude as those estimated for improved lighting MEPS applied to both residential and non-residential buildings listed in Table 13 . 
Impact of EE Programs for New Buildings
As noted earlier, there are no specific mandatory building energy efficiency codes (BEECs) in several Arab countries. BEECs includes a set of mandatory design requirements to improve the energy performance of buildings. Since the 1970s, BEECs have been developed and enforced successfully in several countries and have been shown to be effective in reducing energy consumption of buildings. In particular, the implementation of mandatory BEECs has resulted in significant energy use reduction of households for most EU countries [32] . Typically, two approaches are commonly considered for the development and adoption of BEECs specific to new buildings including:
•
Prescriptive-based approach: In this case, the BEECs include sets of minimum energy performance requirements for each component of the building-windows, walls, and heating and cooling equipment.
•
Performance-based approach: In this option, the BEECs are based on sets of performance requirements and targets for the overall building energy consumption. Thus, performance-based BEECs encourage integrated design approach to account for interactions between building components in order to optimize the energy performance for the entire building.
Based on a detailed review of existing energy efficiency regulations related to the building sector, Table 18 summarizes the status of building energy efficiency regulations for various Arab countries [2, 6, [10] [11] [12] [43] [44] [45] [46] 51] . Moreover, Table 18 lists the Regulatory Indicators for Sustainable Energy (RISE) score provided for each country for their efforts to implement energy efficiency policies [52] . In particular and as indicated in Table 18 , Tunisia has the highest score mostly due to its adoption and enforcement of building energy efficiency codes for both residential and commercial buildings. Indeed, the energy efficiency code for Tunisia for new buildings is one of the most comprehensive in the Arab region and includes both prescriptive and performance paths for compliance.
Building Envelope Thermal Performance
In this section, the benefits of improved building envelope thermal performance are evaluated for those Arab countries without mandatory codes. While the addition of thermal insulation may not be always beneficial to reduce overall energy consumption of buildings, especially those located in temperate climates [53] , analyses specific to both residential and commercial buildings located in all Arab countries have indicated that thermal insulation applied to walls and roofs result in reduction of heating and cooling energy end-uses [10, 45] . Moreover, it has been shown that the addition of insulation can be beneficial even for non-conditioned buildings since it can improve indoor thermal comfort while may not affect significantly the buildings energy consumption [10] . Recent analyses have shown that dynamic insulation systems that can change their thermal properties depending on the seasons and even outdoor conditions can achieve even more energy savings and indoor thermal comfort than conventional static insulation systems [54, 55] . However, affordable prototypes of these systems are still not commercially available.
If 50 mm polystyrene thermal insulation for walls and roofs as well as double-pane glazing for windows are required for new buildings, an estimated average reduction of annual energy consumption of at least 10% reduction in energy consumption and electrical peak demand can be achieved for new buildings in the Arab region [10, 45] . The savings for countries with hot climates such as GCC countries are expected to be higher as noted in the previous section. Using the bottom-up analysis carried by Krarti [11] , the economic and environmental benefits of the thermal insulation requirements on new buildings are estimated for the Arab countries as summarized in Table 19 . Only countries with no building energy efficiency codes prior to 2014 (refer to Table 18 ) are included in estimating the analysis summarized in Table 19 . The carbon emissions for generating electricity are based on each country's emission factor [1]. The analysis assumes that the annual contribution of energy consumption due to new buildings is 4% [11] . Table 19 . Economic and environmental benefits for requiring better-insulated building envelope systems for all new buildings in the Arab region (only countries without any building energy efficiency codes (BEECs) prior to 2014 are considered as listed in Table 18 ). 
Building Type Annual Energy Use
Integrated Building Energy Performance
When combined, proven energy efficiency strategies can be effective in significantly reducing building energy consumption in the Arab region [31, 33, 34, [56] [57] [58] . Indeed, when appropriate energy efficiency strategies are applied to new buildings, over 30% of energy use can be saved relative to the current construction practices in the Arab region. In particular, the potential energy savings and implementation costs associated to design high-performance residential buildings in the Arab region have been evaluated for the Arab countries using the integrated analysis approach described in [8, 10] . This approach involves modeling the energy performance of representative buildings as well as optimization analysis to select among various energy efficiency measures using the life-cycle cost (LCC) method and has already been applied to several Arab countries [8, 10, 33, 34, 57, 58] . Table 20 summarizes the results of the analysis for the Arab countries including the annual electrical energy consumption, reduction in life-cycle costs for 30 years, and increase in construction costs to achieve optimal energy efficiency designs [8] . The optimal analysis for villas located in various Arab cities is detailed in [8] . The increase in construction costs listed in Table 20 considers additional capital costs required to integrate energy efficiency designs. As shown in Table 20 , a savings range of 31% to 56% in energy use is found in all Arab cities considered in the analysis. The optimal design for the residential buildings has lower LCC values with a reduction ranging from 13% to 25% relative to the baseline cases. It should be noted that the additional costs to implement the optimized energy efficiency options are rather reasonable with an increase of construction costs relative to that of the baseline designs varying between 2% and 20% depending on the climate and the set of energy-efficiency measures to implement [8] . The reduction of the LCCs is mainly attributed to lower operating costs associated with the decrease in annual energy consumption. Over the building lifetime, the annual energy cost reduction outweighs the increase in building construction costs to implement more energy-efficient features [8] .
As noted in Table 20 , annual primary energy savings ranging between 35% and 55% can be achieved using optimal designs. The highest savings are achieved for hot climates especially in the GCC region while the lowest savings are obtained for regions with mild climates.
Based on the reported literature, more effective building energy efficiency codes (BEECs) can be developed throughout the entire Arab region and for all new buildings. As illustrated in Table 20 , 35% to 55% savings can be achieved using integrated and optimal designs for residential buildings [8] . For this study, the impact of integrated design based BEEC is assumed to be 30% savings in both energy consumption and peak demand associated with the new building stock in the Arab region. This conservative saving level is used in this analysis specific to the Arab region to account for the diversity of climate conditions, behavioral changes, and energy efficiency rebound effects [59] [60] [61] . In particular, the impacts of occupant behavior on the energy efficiency of the built environment can be significant even though these impacts depend on several factors and remain difficult to quantify for a large-scale analysis [62] [63] [64] . The benefits of integrated design based BEECs applied to the new buildings are estimated and are summarized as shown in Table 21 . The baseline (i.e., BAU) scenario for future energy consumption for buildings in the Arab region can be estimated based on a regression analysis of the trend shown in Figure 20 . The regression analysis indicates an average annual growth rate from 2015 to 2050 of 3.1%. This growth rate is consistent with the rates considered for the MENA region of 3.6% by IEA specific to the building sector and of 2.9% for the electricity demand [1].
As indicated in the projection profiles of Figure 20 , the implementation starting from 2020 of the two BEEC types outlined above reduces future energy consumption slowly as the building stock is replaced by new construction over time. To account for new construction addition including demolition and renovation of the existing building stock, a 4% annual rate is considered for the addition of new construction for the Arab region [12] . The impact of improving building envelope systems (i.e., through the addition of thermal insulation) is rather minimal since most of the Arab countries have already mandatory thermal insulation code requirements and are not included in the analysis of this study. However, the implementation starting from either 2020 ( Figure 20a ) or 2030 ( Figure 20b ) of an integrated design based BEEC has the potential to reduce substantially the energy demand of the building sector. Specifically, when the integrated design based BEEC requirements are set to start in 2020, the annual savings in the Arab region can reach 127 TWh and 382 TWh by 2030 and 2050, respectively. Lower annual savings of only 210 TWh are obtained for 2050 when the integrated BEEC is required by 2030.
countries have already mandatory thermal insulation code requirements and are not included in the analysis of this study. However, the implementation starting from either 2020 ( Figure 20a ) or 2030 ( Figure 20b ) of an integrated design based BEEC has the potential to reduce substantially the energy demand of the building sector. Specifically, when the integrated design based BEEC requirements are set to start in 2020, the annual savings in the Arab region can reach 127 TWh and 382 TWh by 2030 and 2050, respectively. Lower annual savings of only 210 TWh are obtained for 2050 when the integrated BEEC is required by 2030. 
Impact of EE programs for Existing Buildings
In order to improve the energy performance of existing building stock, three levels of building retrofits are typically considering with different capital cost requirements and varying energy saving potentials and ultimately economic and environmental benefits. These three levels of energy retrofits of existing buildings include [50, 60] :
• Level-1 of energy retrofit: This basic retrofit involves mostly low-cost energy efficiency measures such as replacement of lighting fixtures with LED units and weatherization of building shells to reduce air infiltration. As detailed in several other studies, the estimated average savings from a Level-1 retrofit program are about 8% for all building types based on the simulation analysis carried out for several Arab countries as well as case studies reported for residential, commercial, and governmental buildings [2, 10, [42] [43] [44] [45] [46] [56] [57] [58] . • Level-2 of energy retrofit: In addition to Level-1 measures, this retrofit includes the use of energy-efficient equipment as well as temperature and lighting controls. Based on reported studies in the Arab region as well as from the simulation results outlined in this study for Arab countries, average savings of about 23% can be achieved for Level-2 retrofits for all building types [2, [42] [43] [44] [45] [46] . • Level-3 of energy retrofit: This type of retrofit, known as a deep retrofit, requires the implementation of capital-intensive measures including the addition of roof thermal insulation, cooling system replacement, and installation of automated control systems. While deep retrofits are typically costly, they can provide significant energy use savings exceeding 50% as noted in several reports and as noted for the optimal analysis conducted for the Arab region [2, 10, [42] [43] [44] [45] [46] .
The specific measures of each retrofit level have to be tailored to the building type and the climate. Table 22 illustrates three options of specific energy efficiency measures that can be considered for residential building types based on a study performed for Oman for all three retrofit levels [2] . Table 22 provides estimates for the annual energy savings associated with each option and retrofit level. Table 22 . Options for energy efficiency measures specific to three retrofit levels of Omani residential buildings (source: [2] ).
Recommended Options Retrofit Description (a) Retrofit Level for Residential Buildings
Level-1 Level-2 Level-3
1. Range of reduction in savings due to behavioral and rebound effects (b) 0%-4% 0%-6% 0%-6% Notes:
List of EEMs
(a) Description of EEMs: EEM-1: Increase the cooling set from 21 • C to 23 • C, from 22 • C to 24 • C, or from 23 • C to 25 • C depending on the existing operating conditions. EEM-2: Replace existing lighting fixtures by LEDs. EEM-3: Seal air leakage sources around the building envelope (i.e., window and door frames so ACH = 0.21). EEM-4: Replace the existing AC unit by a high-efficiency system (COP = 4.0). EEM-5: Better lighting controls including dimming daylighting and occupancy sensors for commercial buildings. EEM-6: Insulate the roof using RSI-3.
(b)
The behavioral and rebound effects are estimated based on previous studies. Typically, the effects are higher for measures that relay on temperature and lighting controls (i.e., EEM-1 and EEM-5). Table 23 summarizes the annual energy use, electricity peak demand, carbon emissions savings for Level-1, Level-2, and Level-3 building energy efficiency retrofit programs applied to the entire existing building stock in the Arab region. As clearly shown in Table 23 , significant energy and environmental benefits can be achieved for all the levels of the building energy retrofit programs. While requiring higher implementation costs, higher benefits can be achieved for the Level-2 and Level-3 retrofit programs compared to the Level-1 retrofit program. The economic and environmental benefits that can be realized for residential buildings are significantly higher than those obtained for commercial and public buildings for all energy retrofit levels. Indeed, over 74% of the overall benefits can be achieved by solely retrofitting residential buildings in the Arab region as indicated in Table 23 . Table 23 . The energy and environmental benefits for three levels of building energy efficiency retrofit programs for the Arab region * .
Retrofit Program
Level- It is expected that the implementation of large-scale building energy retrofit programs to be gradual requiring several years due to two main reasons: (i) the significant investments needed for renovating the entire existing building stock, and (ii) the lack of qualified energy efficiency contractors in most Arab countries requiring at least few years to develop and train. However, any of the three energy retrofit programs can result in significant economic and environmental benefits for the Arab region even when only a small fraction of the existing stock is targeted as noted in the results shown in Table 23 . The energy retrofit programs for the existing building stock have significant impacts on both final energy consumption, peak electrical demand, and carbon emissions in the Arab region even when implemented gradually over a 10 year period starting either (a) in 2020 or (b) in 2030 as noted in Figure 21 . As expected, a Level-3 retrofit has the highest impact with an annual energy consumption reduction of 470 TWh as well as a decrease in electricity demand of 65 GW and 146 million tons per year of carbon emissions when the program is fully implemented by 2030. A basic Level-1 retrofit program would still save 85 TWh in annual final energy consumption without significant investment requirements [12] . or (b) in 2030 as noted in Figure 21 . As expected, a Level-3 retrofit has the highest impact with an annual energy consumption reduction of 470 TWh as well as a decrease in electricity demand of 65 GW and 146 million tons per year of carbon emissions when the program is fully implemented by 2030. A basic Level-1 retrofit program would still save 85 TWh in annual final energy consumption without significant investment requirements [12] . The retrofit programs can start initially with non-residential buildings since they provide higher energy savings per unit floor area than residential buildings for the Arab region [56] . Moreover, it is easier to perform energy audits and retrofits for larger non-residential buildings through ESCOs than it is for smaller residential buildings. In addition, retrofitting residential buildings offer specific privacy and cultural sensitivity challenges in several countries within the Arab region [12] . As indicated in Figure 21 , the potential benefits depend on when the programs are actually initiated and the rate of the retrofit. The results of Figure 21 assume a 10% rate of retrofit (that is that 10% of the existing building stock is retrofitted each year). If lower retrofit rates are considered, the potential benefits will be reduced accordingly.
The highest impact scenario for reducing the final energy use and peak demand would be to simultaneously (i) implement integrated BEEC for new buildings and (ii) upgrade over a 10 year span the entire existing building stock using Level-3 energy retrofit. Figure 22 shows that there is a significant potential saving in annual energy consumption of buildings especially when Level-3 energy retrofit program is implemented during a 10 year period and new buildings are constructed using an integrated energy efficiency code starting in 2020 as illustrated in Figure 22a or in 2030 as indicated in Figure 22b . In particular, if the code and the retrofit program are implemented by 2020 the total Arab region's annual final energy consumption could be reduced by 597 TWh (or 43%) from a projected 1409 TWh per year under baseline scenario (BAU) to be only 812 TWh per year. Similar reductions in both electrical peak demands and carbon emissions can be achieved. While the required investments to implement these energy efficiency programs can be significant as highlighted later for the special case of Saudi Arabia in Table 23 , the economic benefits can be substantial for most Arab countries as documented for the GCC countries [2, [42] [43] [44] [45] [46] . The retrofit programs can start initially with non-residential buildings since they provide higher energy savings per unit floor area than residential buildings for the Arab region [56] . Moreover, it is easier to perform energy audits and retrofits for larger non-residential buildings through ESCOs than it is for smaller residential buildings. In addition, retrofitting residential buildings offer specific privacy and cultural sensitivity challenges in several countries within the Arab region [12] . As indicated in Figure 21 , the potential benefits depend on when the programs are actually initiated and the rate of the retrofit. The results of Figure 21 assume a 10% rate of retrofit (that is that 10% of the existing building stock is retrofitted each year). If lower retrofit rates are considered, the potential benefits will be reduced accordingly.
(a)
The highest impact scenario for reducing the final energy use and peak demand would be to simultaneously (i) implement integrated BEEC for new buildings and (ii) upgrade over a 10 year span the entire existing building stock using Level-3 energy retrofit. Figure 22 shows that there is a significant potential saving in annual energy consumption of buildings especially when Level-3 energy retrofit program is implemented during a 10 year period and new buildings are constructed using an integrated energy efficiency code starting in 2020 as illustrated in Figure 22a or in 2030 as indicated in Figure 22b . In particular, if the code and the retrofit program are implemented by 2020 the total Arab region's annual final energy consumption could be reduced by 597 TWh (or 43%) from a projected 1409 TWh per year under baseline scenario (BAU) to be only 812 TWh per year. Similar reductions in both electrical peak demands and carbon emissions can be achieved. While the required investments to implement these energy efficiency programs can be significant as highlighted later for the special case of Saudi Arabia in Table 23 , the economic benefits can be substantial for most Arab countries as documented for the GCC countries [2, [42] [43] [44] [45] [46] .
The cost of the retrofit programs varies with the level and the country. For instance, Table 24 summarizes the required investments and the potential benefits of the three retrofit levels, outlined earlier in this section, for the entire existing residential and non-residential buildings of the Kingdom of Saudi Arabia (KSA). Specifically, it is found that [12] :
•
Given the low electricity prices in Saudi Arabia, it makes little sense for households and other private organizations to invest in energy efficiency. The subsidies for energy prices have to be reduced in order for building owners and/or operators to cost-effectively invest in energy efficiency.
When the economic benefits from avoided fuel consumption and reduced need for electricity generation capacity are considered, energy-efficiency investments by the KSA government for retrofitting existing buildings are highly cost-effective. For instance, a basic retrofit (i.e., Level-1) 
Impact of Integrated Renewable Energy with Buildings
In this section, the integration of renewable energy systems in buildings is evaluated for the Arab region through the installation of rooftop photovoltaic (PV) panels. Recent studies have assessed the implementation costs and the benefits of installing PV systems on roofs of existing Saudi Arabia housing stock [16] . Table 25 summarizes the main findings of these studies specific to Saudi Arabia as well as results from a similar analysis conducted for Tunisia. In particular, Table 25 estimates the annual avoided carbon emissions and the electrical energy that can be generated when rooftop PV systems can be installed on top of all available roof areas for the existing residential building stock within Saudi Arabia and Tunisia. The new analysis for the PV rooftop systems for Tunisia is based on statistical data for the number and type of housing units obtained from the most recent census [65] . As noted in Table 25 , the potential rooftop PV electricity generation is 51.0 TWh/year in Saudi Arabia representing about the third of current electricity needs for the residential buildings. For Tunisia, the rooftop PV panels can provide 15.2 TWh/year of energy equivalent to the overall current electricity consumption of the entire housing stock. One approach to promote integration of PV systems in buildings is to require net-zero energy buildings (NZEBs) for new housing units. NZEB requirements are set in several regions of the World include EU and select US states. The analysis for prototypical residential buildings throughout the Arab region has shown that NZEB designs are possible based on integration of proven energy efficiency measures with rooftop PV systems [46] . Figure 23 presents the impact of NZEB requirements starting for all new residential buildings on the future final energy consumption of the Arab region buildings for two starting dates (a) 2020, and (b) 2030. When the program starts is set to 2020, annual energy savings are expected to reach 221 TWh by 2030 and 664 TWh by 2050 compared to BAU scenario. The main challenge for implementing the NZEB program would be the capital investments needed to install the PV rooftop systems. Based on 2500 USD/kW installation cost, the required capital costs for the rooftop PV panels are estimated to be 90.6 USD Billion in Saudi Arabia and 25.4 USD Billion in Tunisia [16] . However, the cost of PV panels is expected to decrease further in the coming years possibly making NZEB designs cost-effective for most Arab countries especially when energy subsidies are reduced or eliminated. When the NZEB requirements for residential buildings are implemented to start in 2030, the potential benefits are delayed and reduced for 2050 to 450 TWh.
Arab region has shown that NZEB designs are possible based on integration of proven energy efficiency measures with rooftop PV systems [46] . Figure 23 presents the impact of NZEB requirements starting for all new residential buildings on the future final energy consumption of the Arab region buildings for two starting dates (a) 2020, and (b) 2030. When the program starts is set to 2020, annual energy savings are expected to reach 221 TWh by 2030 and 664 TWh by 2050 compared to BAU scenario. The main challenge for implementing the NZEB program would be the capital investments needed to install the PV rooftop systems. Based on 2500 USD/kW installation cost, the required capital costs for the rooftop PV panels are estimated to be 90.6 USD Billion in Saudi Arabia and 25.4 USD Billion in Tunisia [16] . However, the cost of PV panels is expected to decrease further in the coming years possibly making NZEB designs cost-effective for most Arab countries especially when energy subsidies are reduced or eliminated. When the NZEB requirements for residential buildings are implemented to start in 2030, the potential benefits are delayed and reduced for 2050 to 450 TWh. 
Summary and Conclusions
In the study summarized in this paper, past and current energy consumption trends in the building sector are first analyzed for the Arab region and sub-regions. While the building sector contributes only 21% of the total final energy consumed in the Arab region, the energy used by households has doubled between 2005 and 2015. The set of analyses presented in the paper has clearly shown that the Arab region is not homogeneous in both past and current energy consumption trends and future energy challenges.
In particular, past and current energy consumption trends have shown that there is a large inequity between energy consumption between Arab countries and sub-regions. The inequities in per capita use of electricity for the building sector are as significant as the inequities in per capita use of overall primary energy. In 2015, the average citizen in the Gulf Cooperation Council sub-region used 8500 kWh of electricity. In contrast, the average citizen in the least developed countries used 1200 kWh. The per capita average use of electricity for the built environment in the Mashreq and Maghreb sub-regions was 1900 kWh and 2100 kWh, respectively, during 2015. These sub-regionally aggregated figures mask even starker disparities among Arab countries. For instance, a citizen in Yemen consumes only 147 kWh of electricity annually while a citizen in Bahrain uses almost 20,200 kWh per year. 
In particular, past and current energy consumption trends have shown that there is a large inequity between energy consumption between Arab countries and sub-regions. The inequities in per capita use of electricity for the building sector are as significant as the inequities in per capita use of overall primary energy. In 2015, the average citizen in the Gulf Cooperation Council sub-region used 8500 kWh of electricity. In contrast, the average citizen in the least developed countries used 1200 kWh. The per capita average use of electricity for the built environment in the Mashreq and Maghreb sub-regions was 1900 kWh and 2100 kWh, respectively, during 2015. These sub-regionally aggregated figures mask even starker disparities among Arab countries. For instance, a citizen in Yemen consumes only 147 kWh of electricity annually while a citizen in Bahrain uses almost 20,200 kWh per year.
A comprehensive overview of current energy policies related to buildings has indicated that several countries have only recently adopted either minimum energy performance standards (MEPS) for air conditioners, lighting fixtures, and appliances. Moreover, more than half of the Arab countries have adopted energy efficiency codes for new buildings. However, these codes are typically limited to prescriptive requirements and consist of thermal insulation addition to walls and roofs and the use of double-pane glazing for windows. The enforcement of these recently adopted MEPS and building energy efficiency codes are still a challenge for most Arab countries.
As part of the analyses outlined in the second part of this paper, the benefits of large-scale implementation of energy efficiency programs for the building sector in the Arab region are quantified. The analysis includes strategies to improve the energy performance of both new and existing building stocks as well as improved minimum energy performance standards (MEPS). Specifically, implementing MEPS for energy-intensive equipment in buildings (i.e., lighting, appliances, and air conditioners) can be a good first step to reduce energy consumption and carbon emissions in the Arab region. Indeed, adoption of more stringent MEPS can achieve an annual energy savings of about 51.9 TWh by 2030 if these MEPS are implemented and strictly enforced starting in 2020. Moreover, the analysis presented in this paper shows that the replacement of existing fluorescent lamps by integrated controls LED units in commercial and public buildings can save additional 21.7 TWh annually. As a second phase, the adoption and the implementation of integrated and comprehensive energy efficiency codes for both residential and commercial buildings can result in an additional reduction of 12.7 TWh/year in final energy consumption for the overall Arab region. Finally, the analysis presented in this paper has clearly indicated that the most significant potential to save energy in the Arab region lies in retrofitting existing building stock. Indeed, even with a basic retrofit program with no significant capital investments about 85 TWh/year can be saved for the Arab region by 2030. A more aggressive retrofit program can save up to 470 TWh or the third of building sector final energy consumption per year after 2030. When combining the adoption of comprehensive energy efficiency codes for new buildings and the implementation of extensive retrofit programs for existing buildings, the annual energy consumption by the building sector in the Arab region can be lowered by 600 TWh by 2030. In addition, these programs can create significant high skilled jobs, avoid the need for additional future power plants, and reduce substantially carbon emissions. Acknowledgments: The research was funded by United Nations ESCWA program, grant number 2500114522.
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